This study investigated the influence of alkali and alkaline earth metals (AAEM) and the role of acid pretreatments in the production of sugars during solvent liquefaction of lignocellulosic biomass using 1,4-dioxane and water as solvents. The present study found that removal of AAEM by acid washing/water rinsing did not enhance sugar production during solvent liquefaction of pretreated switchgrass nearly to the extent observed for fast pyrolysis nor did it inhibit lignin decomposition, suggesting that AAEM play less of a role in determining product yields in solvent liquefaction. On the other hand, acid infusion greatly enhanced the yields of sugars during solvent liquefaction, presumably because the strong acid catalytically promoted both the depolymerization and the dehydration of polysaccharides. The main monomeric sugars formed were levoglucosan, glucose, and xylose. Levoglucosan was the predominant sugar when 1,4-dioxane was the solvent, whereas glucose was the major sugar when water was the solvent. When 1,4-dioxane and water were cosolvents, partial hydrolysis of levoglucosan to glucose was observed. The maximum yield of the total sugars (19.8 wt %) from AI switchgrass occurred when 9:1 mixtures of 1,4-dioxane and water were used as cosolvents. In addition, the sugars were more stable in the 1,4-dioxane and water mixture compared to water alone. ABSTRACT: This study investigated the influence of alkali and alkaline earth metals (AAEM) and the role of acid pretreatments in the production of sugars during solvent liquefaction of lignocellulosic biomass using 1,4-dioxane and water as solvents. The present study found that removal of AAEM by acid washing/water rinsing did not enhance sugar production during solvent liquefaction of pretreated switchgrass nearly to the extent observed for fast pyrolysis nor did it inhibit lignin decomposition, suggesting that AAEM play less of a role in determining product yields in solvent liquefaction. On the other hand, acid infusion greatly enhanced the yields of sugars during solvent liquefaction, presumably because the strong acid catalytically promoted both the depolymerization and the dehydration of polysaccharides. The main monomeric sugars formed were levoglucosan, glucose, and xylose. Levoglucosan was the predominant sugar when 1,4-dioxane was the solvent, whereas glucose was the major sugar when water was the solvent. When 1,4-dioxane and water were cosolvents, partial hydrolysis of levoglucosan to glucose was observed. The maximum yield of the total sugars (19.8 wt %) from AI switchgrass occurred when 9:1 mixtures of 1,4-dioxane and water were used as cosolvents. In addition, the sugars were more stable in the 1,4-dioxane and water mixture compared to water alone.
■ INTRODUCTION
Biomass is currently the only renewable resource that can replace petroleum for the production of liquid-based fuels and other chemicals. While the first generation of biofuels was produced from corn and soybeans, more recent research is focused on converting lignocellulosic biomass that does not require the use of feed and food crops for biofuels production.
Common processing of lignocellulosic materials involves acid pretreatment to remove hemicellulose and lignin, followed by enzymatic hydrolysis to depolymerize plant polysaccharides into monosaccharides. 1 However, the process is relatively slow and enzymes remain prohibitively expensive at this time. Using heterogeneous acid catalysts to directly hydrolyze cellulose into glucose and other oligomeric sugars at atmosphere pressure and elevated temperature is also explored. 2 However, the hydrolysis processes could take up to a day and mass transfer limitation between biomass and insoluble catalysts is problematic. Moreover, the lignin fraction of biomass cannot be converted biologically or during acid hydrolysis processes and remains as a byproduct.
In contrast, thermochemical technologies, such as fast pyrolysis and solvent liquefaction, are able to rapidly depolymerize whole lignocellulosic feedstocks into liquid products. Fast pyrolysis is characterized by moderate temperatures and modest pressures, whereas solvent liquefaction occurs in the presence of a solvent at modest temperatures and elevated pressures. 3, 4 Depending upon operating conditions, polysaccharides can be converted to sugars 5−12 and lignin can be converted to low-molecular-weight phenolic compounds simultaneously. 13, 14 Sugars in the liquid products can be fermented or catalytically upgraded into fuels, and phenolic compounds can also be catalytically upgraded into fuels. Usually, the fast pyrolysis process takes a few seconds, whereas solvent liquefaction takes from seconds up to an hour depending on the reaction temperature, pressure, and the choice of solvent. Both the processes occur at a rate much faster than enzyme or acid hydrolysis.
Unfortunately, thermochemical conversion of untreated biomass usually yields very little sugar. 15, 16 In the case of fast pyrolysis, naturally occurring alkali and alkaline earth metals (AAEM) dramatically reduce yields of sugars from lignocellulosic biomass. The metals catalyze the fragmentation of cellulose into light oxygenates, such as formic acid and hydroxyacetaldehydes, rather than levoglucosan, an anhydrosugar of glucose, during pyrolysis. 17, 18 Removing AAEM from biomass by hot water or dilute acid washing/water rinsing has proven effective in dramatically increasing sugar yield. 15, 19 Recently, we reported that direct acid infusion of biomass can also increase sugar yield, mainly by converting AAEM into thermally stable salts that are catalytically inactive. 20 Furthermore, the weak acid salts buffer acid-catalyzed depolymerization of cellulose, thereby increasing levoglucosan yield.
However, the buffering effect of acid appears to be much less important than the effect of AAEM passivation during fast pyrolysis of acid-infused biomass. While acid infusion increased the yield of pyrolytic sugars, it was also found that pyrolysis of acid-infused biomass enhanced the conversion of lignin into char agglomerates that can foul the reactor. 21 Sugar yields might also be limited by the competition between the evaporation of levoglucosan, which can escape the pyrolyzer, and its polymerization, which rapidly leads to dehydration to char. 22 We hypothesize that solvent liquefaction at elevated temperatures and pressures might prove to be an effective alternative to fast pyrolysis for the thermal depolymerization of whole lignocellulose to sugars and phenolic compounds for several reasons: (1) the catalytic effect of AAEM may be reduced if it is dissolved or otherwise dispersed away from the biomass by the solvent; (2) dilution of levoglucosan and phenolic monomers in the solvent may reduce their polymerization and degradation; (3) sugars with limited volatility may be more easily recovered from solution compared to fast pyrolysis where volatility of the products is required; (4) if water is one of the solvents employed, less drying of the biomass would be required than for fast pyrolysis.
The possibility of producing sugars based on solvent liquefaction has been previously studied using cellulose as a model substrate. 5−11 The composition of final products was found to be highly dependent on the choice of solvents and additives. For example, the conversion of cellulose in supercritical water or supercritical acetone produced high yields of levoglucosan. 5−7 On the other hand, cellulose also produced methylated monomeric and oligomeric sugars when methanol was the solvent, 11 suggesting that methanol is reactive under solvent liquefaction conditions. Cellulose was also tested using aprotic solvents such as sulfolane and 1,4-dioxane. Kawamoto et al. 8 found that cellulose decomposes to completely soluble products in the presence of sulfolane and produced up to 36 wt % of levoglucosan in early stages of the reaction. However, levoglucosan was unstable in sulfolane and partially decomposed. In later studies, Kawamoto et al. 9, 10 found that the addition of acid in sulfolane converted cellulose to levoglucosenone, furfural, and 5-hydroxymethylfurfural as the major products instead of levoglucosan. Bao et al. 12 investigated cellulose decomposition in sulfolane and 1,4-dioxane. They reported that levoglucosan was relatively stable in 1,4-dioxane compared with sulfolane; however, the underlying mechanism was not investigated.
While studies with cellulose are very useful in understanding reaction mechanisms, the depolymerization of actual biomass could be quite different since it is a composite of cellulose, hemicellulose, and lignin. The presence of AAEM will likely affect polysaccharide depolymerization. Only limited studies have investigated solvent liquefaction for the production of sugars from actual biomass. 23, 24 Studies using water as solvent showed that relatively high yields of sugars can be produced within seconds of reaction time, but the sugars are extremely unstable in hot, pressurized water. Thus, solvent liquefaction of cellulosic biomass for the production of sugars is very challenging. The possibility of using other solvents for production of sugars from biomass has been rarely studied, which is the subject of this study.
The present study employs 1,4-dioxane, water, and their mixtures as solvents in the solvent liquefaction of switchgrass in a batch reactor. Switchgrass is an attractive feedstock for biofuel production because it is a hardy perennial plant with relatively high biomass yields even on marginal land. 1 1,4-Dioxane was chosen because it is an aprotic nonpolar solvent with a low boiling point, which makes it a good candidate as a recyclable solvent. Water, a polar, protic solvent, was also considered because it is abundant in most harvested biomass. In fact, fresh switchgrass contains up to 60 wt % of water.
Untreated switchgrass, acid-washed/water-rinsed (AWWR) switchgrass, and acid-infused (AI) switchgrass were tested. Washing biomass in diluted acid solution removes most of the AAEM bonded to the biomass, while water rinsing removes residual acid. Thus, this pretreatment yields a pH-neutral feedstock that is nearly free of AAEM without hydrolyzing the polysaccharides. 19, 25 On the other hand, acid infusion to biomass passivates AAEM but also forms weak acid salts that buffer switchgrass feedstock for enhanced sugar production. The concentration of sulfuric acid in switchgrass was 2 wt %, since switchgrass at this concentration of the acid should produce the maximum yield of levoglucosan based on previous pyrolysis research conducted by our group. 20 ■ EXPERIMENTAL SECTION Material. Switchgrass was used as the feedstock in all experiments. It was screened to particle sizes in the range of 200−500 μm and dried to 6 wt % moisture. It consisted of 33.26 wt % cellulose and 35.29 wt % hemicellulose. 20 Swichgrass also contains 3.3 wt % ash. The detailed properties of switchgrass including the composition of AAEM can be found in Table 1 . Some of this prepared material was set aside for testing as the control. The remaining was used to prepare acidwashed/water-rinsed (AWWR) switchgrass and acid-infused (AI) switchgrass.
AWWR switchgrass was prepared by mixing 3g of switchgrass with 15 mL of 0.1 wt % of diluted sulfuric acid solution. After 1 h of stirring, the switchgrass was repeatedly rinsed with water until the pH of the rinse water registered neutral. The AWWR switchgrass was then dried overnight in a 60°C oven. 20 AI switchgrass was prepared by mixing 5 g of switchgrass with 15 mL of dilute sulfuric acid solution (0.6 wt %). The damp switchgrass was dried overnight in a 60°C oven. After drying, the concentration of sulfuric acid in switchgrass was 2 wt % based on calculation since Apparatus and Methods. Experiments were performed in a batch reactor assembled from two Swagelok stainless steel 3/8 in. caps and a 3/8 in. port connector. The inner volume of the reactor is 2.5 mL. Biomass or a model compound in the amount of 25−200 mg was placed inside the reactor, and 1 mL of solvent was added (1,4-dioxane, water, or a mixture of 0.1 mL of water and 0.9 mL of dioxane). The biomass and solvent(s) were mixed repeatedly using a tweezer before sealing the reactor. The sealed reactors were then vibrated for 30 s for a uniform mixing of biomass and solvent(s). The reactors were then immersed in a molten tin bath operated in the temperature range of 300−350°C for times ranging from 10 to 300 s. For reaction times longer than 60 s, the reactors were occasionally flipped using tongs. Upon reaching the desired reaction time, the reactor was quickly removed from the tin bath and quenched in water. The reaction time reported in the present study was started from the moment the reactor was immersed into the tin bath until it was removed. Each test was at least duplicated, and the averaged data of only the reproducible tests (within 5% error range) is reported. Some tests resulted in very low amounts of reaction products compared to that for the tests at identical conditions. This is caused by reactor leakage due to improper sealing, and such data were discarded.
After the reactor cooled to room temperature, it was opened, releasing noncondensable gases, which were not measured. Liquid products in the reactor were recovered by adding 4 mL of extraction solvent. Methanol, water, or tetrahydrofuran (THF) was used as the extraction solvent depending upon the analysis to be performed, as subsequently described. In each test, the liquid product was extracted using only one solvent for one analysis. To complete three analyses (GC-MS, HPLC, and GPC), three solvent liquefaction tests were performed. The liquid products were filtered using a 0.45 μm of filter for subsequent analysis.
Liquid products extracted with methanol were analyzed with a gas chromatograph (GC, Varian 450, US) using a Phenomenex ZB-1701 capillary column (length: 60 m; OD: 0.25 mm; ID: 0.25 μm) and a mass spectrometer (MS, Varian 320, U.S.) for identification of the chemical compounds. The injector temperature of the GC was 275°C. After holding at 35°C for 3 min, the GC oven temperature was ramped to 280°C with a heating rate of 3°C/min and then held at 280°C for an additional 4 min. The ionization of chemical compounds was conducted in the MS, and the ion identification was based on the NIST library.
The liquid extracted with water was analyzed with a Dionex Ultimate 3000 series high-performance liquid chromatography (HPLC) for the purpose of detecting sugars and any 1,4-dioxane remaining in the liquid. A resin based Bio-Rad Aminex HPX-87P column was maintained at 40°C with a water flow rate of 0.2−0.4 mL/min for the eluent. A Varian 385-LC evaporative light scattering detector (ELSD) was used to detect the species. Standards for levoglucosan, glucose, xylose, and dextrin were calibrated for molecular identification. Calibration curves for each compound except dextrin were also made using different concentrations of pure compounds for quantification.
The molecular weight distributions of THF-soluble products were determined by gel permeation chromatography (GPC). The analysis was carried out using a Dionex Ultimate 3000 series HPLC equipped with a Shodex Refrative Index (RI) detector and Diode Array Detector (DAD). Two Agilent PLgel 3 μm 100A0 300 × 7.5 mm (p/n PL1110-6320) columns were connected in series and maintained at 25°C. Tetrahydrofuran with a flow rate of 1 mL/min was used as the eluent. The GPC column was calibrated using six polystryrene standards with a molecular weight range of 162−38640 g/mol. An ultraviolet wavelength of 254 nm was used to detect phenolic compounds in the liquids.
■ RESULTS AND DISCUSSION GC/MS Detectable Volatile Products of Switchgrass with Different Pretreatments. During solvent liquefactions in 1,4-dioxane, visual inspection of the products revealed that untreated switchgrass reacted slowly compared to pretreated feedstocks. For reaction at 300°C, partly unreacted switchgrass was found interspersed with black char residue even after 180 s. Acid-washed switchgrass depolymerized better than untreated switchgrass, but at a much lesser extent than AI switchgrass. After 300 s of reaction time, AI switchgrass was completely liquefied, leaving no solid residue. Detailed mass balance was not conducted since only liquid products were investigated in the present study.
GC/MS chromatograms of the liquid products from solvent liquefaction in 1,4-dioxane at 300°C for 120 s of untreated, AWWR, and AI switchgrass are compared in Figure 1 since starting sample sizes were identical in all cases, peak areas for a given compound can be directly compared. Under the given reaction time, untreated switchgrass produced minor peaks of furfural, 2,4-methoxy-vinyl phenol, and trace amounts of 5-hydroxymethylfurfural (HMF), 4-methoxy-propyl phenol as well as some unknown peaks. The chromatogram of AWWR switchgrass was similar to that of untreated switchgrass, except the appearance of a small peak of levoglucosan at a retention of 60 min and some unknown peaks with small intensities.
In comparison, the chromatogram of AI switchgrass was very different. The depolymerization of polysaccharides was significantly enhanced for AI switchgrass, evidenced by large peaks for levoglucosan (the yield of levoglucosan is subsequently quantified using HPLC), methoxyfuranethanol, furfural, and HMF. Levoglucosenone and 1,6-anhydrofuranose, an isomer of levoglucosan, were also produced from AI switchgrass, whereas these compounds were absent in the products from the untreated switchgrass. The peaks of phenolic monomers, such as 2-methoxy-4-vinylphenol and 4-methoxypropyl phenol, also increased for AI switchgrass, although not nearly to the extent observed for polysaccharide derivatives. This, as well as improved liquefaction observed earlier, indicates that depolymerization of lignin was improved for solvent liquefaction of AI switchgrass compared to AWWR switchgrass.
Interestingly, acetic acid, commonly found in the liquid product of fast pyrolysis of biomass derived from the acetyl groups in hemicellulose, was not detected in the liquid product for any of the solvent liquefaction tests. 1,4-Dioxane-2-ol was found among the products from the solvent liquefaction of untreated or AWWR switchgrass, although it was completely absent from the reaction liquid from AI switchgrass.
Monomeric Sugar Production under Different Acid Pretreatments. Whereas levoglucosan is sufficiently volatile to be detected by GC/MS, many other sugars produced during solvent liquefaction are essentially nonvolatile and must be measured by other means. In this study, HPLC was used to measure water-soluble carbohydrates (Figure 2 ). In addition to levoglucosan, glucose and xylose were prominent water-soluble carbohydrates in the solvent liquefaction products. Dextrin, a water-soluble oligosaccharide, was found in the reaction products for both untreated and AWWR switchgrass for all reaction times studied, although it was absent in the reaction products for AI switchgrass.
Yields of levoglucosan, glucose, and xylose from solvent liquefaction of the three feedstocks in 1,4-dioxane as a function of reaction time are compared in Figure 3 . Untreated switchgrass produced the lowest yields of monomeric sugars. Although the yield of levoglucosan increased steadily with increasing reaction time, the maximum yield was less than 1.5 wt % after 300 s of reaction time. AWWR switchgrass produced 3.5 wt % levoglucosan after 90 s, but for longer reaction times decreased to the same level as untreated feedstock. In comparison, AI switchgrass produced a significantly higher yield of levoglucosan than AWWR switchgrass. Levoglucosan reached a maximum yield from biomass of 13 wt % (equal to 39 wt % yield from cellulose in the biomass) after 180 s of reaction time, and then leveled off.
The overall yield of glucose was almost negligible (<0.15 wt %) for untreated switchgrass, increasing slightly to 1.2 wt % after 300 s of reaction for AWWR switchgrass. In comparison, AI switchgrass produced 2.7 wt % of glucose after 90 s of reaction before it began to level off.
The maximum yield of xylose from untreated switchgrass was only 0.8 wt % after 300 s, whereas, for AWWR switchgrass, the xylose yield reached 3.5 wt % after 120 s of reaction before leveling off to 3.3 wt %. In comparison, the yield of xylose in AI switchgrass was 7.4 wt % after 30 s before decreasing to 0.7 wt % after 210 s.
The sum of total monomeric sugars (levoglucosan, glucose, and xylose) is compared for the three feedstocks in Figure 3 . The maximum yields of total monomeric sugars obtained from untreated, AWWR, and AI switchgrass were 2.3, 6.3, and 16.8 wt %, respectively.
Molecular Weight Distribution of the Reaction Products. Figure 4 compares the molecular weight distribution of THF extracted reaction products of untreated, AWWR, and AI switchgrass reacted in 1,4-dioxane for 300 s. The maximum molecular weights of THF-soluble products were similar for reactions of all three switchgrass samples. However, both AI and AWWR switchgrass produced more THF-soluble organic compounds than untreated switchgrass across the molecular weight range (higher peak intensities). The average molecular weights of THF-soluble compounds from the reactions of untreated, AWWR, and AI switchgrass were found to be 625, 610, and 589 Da, while polydispersities were 2.89, 2.73, and 2.68, respectively. Since polysaccharides derived sugars are insoluble in THF, the THF-soluble organics mainly consist of lignin-derived phenolic compounds and possibly some other UV detectable compounds. These results indicate that the conversion of AI switchgrass produced overall smaller and uniform phenolic compounds compared to untreated switchgrass. This is also evidenced by higher peaks in the lower molecular size range for the liquid from AI switchgrass.
Solvent Recovery. The amount of 1,4-dioxane remaining after each test was quantified using HPLC. The total recovery of 1,4-dioxane was above 98% in all the reactions, indicating that 1,4-dioxane was almost not consumed and can be recycled.
Discussion about Effects of AAEM and Acid Pretreatments. Both kinds of acid pretreatment influence AAEM chemistry, AWWR physically removing AAEM from the biomass, and AI potentially forming thermally stable and catalytically inactive salts from the AAEM. Thus, if AAEM interferes with thermal depolymerization of biomass, either kind of acid pretreatment should enhance the production of levoglucosan from cellulose significantly, as is commonly observed for fast pyrolysis. 15,19−21 Similarly, either kind of acid pretreatment should enhance the production of sugars from hemicellulose, as is commonly observed for fast pyrolysis. 26 The fact that solvent liquefaction of AWWR switchgrass in 1,4-dioxane showed little difference in levoglucosan or xylose yield compared to untreated switchgrass indicates that AAEM has little impact on solvent liquefaction of the polysaccharides fraction. It is noted that the reaction temperatures of solvent liquefaction is usually lower than that of conventional fast pyrolysis, and therefore, one may argue that catalytic reactively of AAEM is reduced during solvent liquefaction. However, the previous study 17 also indicated that the detrimental catalytic effect of AAEM during fast pyrolysis was significant even at lower temperature that is close to the solvent liquefaction temperature. Therefore, possibly the solvent forms solvation shells around AAEM compounds or otherwise removes AAEM from close proximity to the biomass, greatly diminishing the catalytic effect of AAEM. It is wellknown that 1,4-dioxane is able to solvate many inorganic compounds. 27 On the other hand, the fact that solvent liquefaction of AI switchgrass yielded much more levoglucosan than untreated switchgrass indicates that acid reacts directly with the biomass to influence the reaction products. The buffering effect played only a secondary effect in increasing levoglucosan during fast pyrolysis 12 compared to the major effect observed during solvent liquefaction.
Energy & Fuels
During solvent liquefaction without acid, cellulose first depolymerizes to oligosaccharides (dextrin), followed by subsequent depolymerization of oligosaccharides to levoglucosan. The depolymerization of oligosaccharides was catalyzed by the presence of acid; thus, no dextrin was found in the tested reaction time range. Acid also catalyzes dehydration reactions, evidenced by increases in 5-HMF and furfural. 22, 28, 29 A previous study 9 showed that the conversion of pure cellulose in the mixture of acid and aprotic solvent produced doubly or triply dehydrated products in preference to levoglucosan. Since some of these products could also be from secondary reactions of levoglucosan, the increased levoglucosan from AI switchgrass could largely be related to the accessibility of acid to cellulose in the plant material. Acid also catalyzes hydrolysis of cellulose and levoglucosan to glucose. The activation energy for hydrolysis of levoglucosan is lower than that for cellulose hydrolysis, 30, 31 suggesting that much of the glucose could be coming from the hydrolysis of levoglucosan. Another role of acid infusion is swelling of plant fibers, 32 making it easier for anhydrosugars formed during pyrolysis to diffuse out of the biomass before they dehydrate to char and light gases. 22 Acid is known to catalyze depolymerization of lignin, although it also promotes condensation reactions of lignin derivatives. 33 Therefore, higher lignin conversion in AI switchgrass compared to untreated switchgrass is expected. It is, however, noted that lignin conversion of AWWR swtichgrass also increased significantly compared to untreated switchgrass, evidenced by the increased amount of compounds in the relatively high molecular weight range shown in Figure 4 that are most likely phenolic oligomers. It was reported that AAEM catalyze decomposition of lignin during pyrolysis. 34 Removing AAEM by acid washing and water rinsing would reduce the catalytic activity of AAEM on lignin and, therefore, should lower lignin conversion. However, the contradictory results from the reaction of AWWR switchgrass suggests that the influence of AAEM on lignin decomposition is likely less significant during solvent liquefaction. Instead, diluted acid washing, followed by water rinsing, strongly influences lignin structure. Relatively weak lignin bonds, for example, β-O-4, are easily cleaved by very mild pretreatment to remove AAEM.
Effect of Reaction Temperature. Previous results were obtained at 300°C. To assess the effect of temperature on sugar yields, solvent liquefaction of AI switchgrass in 1,4-dioxane was also performed at 350°C for a mass loading of 5% (see Figure 5 ). Since acid pretreatments have a strong effect on sugar production from polysaccharides, only the yields of sugars are compared in the following studies. Both levoglucosan and glucose yields reached their maximum yields sooner when the reaction temperature was increased. Maximum yield of levoglucosan was similar at 300 and 350°C (12.9 wt %). As the reaction time increased, the yield of levoglucosan decreased before stabilizing at 8 wt %. The maximum yield of glucose increased from 2.7 to 4.5 wt % at the higher temperature. On the other hand, glucose was less stable at the higher reaction temperature, dropping to only 0.5 wt % for an extended reaction time. The results suggest that higher reaction temperature enhanced both the formation of levoglucosan and the hydrolysis of levoglucosan while it also promoted the degradation of monomeric sugar. Xylose yield decreased with temperature, which suggests that the rate of xylose degradation increases with temperature. Although increased temperature improved the maximum yield of total monomeric sugar, increasing from 16.8 wt % at 300°C to 20.3 wt % at 350°C
, for long reaction times, high temperature degraded the yield of sugar.
Effect of Mass Loading. The mass loading of switchgrass in 1,4-dioxane was changed between 2.5% and 20%, and the reaction temperature was set at 300°C. The yields of the monomeric sugars were compared, as shown in Figure 6 . The maximum yield of levoglucosan was 16.5 wt % with 2.5% mass loading, which corresponds to 50 wt % of cellulose conversion. This value is comparable to the yield of levoglucosan during the pyrolysis of the AI switchgrass in a micropyrolyzer. 20 It should also be noted that only about 1/100th of the mass of the AI switchgrass used in the present study was pyrolyzed. 20 It is known that the levoglucosan yield decreases as the mass of the sample increases during cellulose pyrolysis, due to the polymerization of levoglucosan. 22 Therefore, the comparison results suggest that the solvent liquefaction of the AI switchgrass could potentially produce more levoglucosan than fast pyrolysis at lower temperatures.
As it can be seen in Figure 6 , higher mass loading resulted in lower yields of levoglucosan and xylose. The maximum yields of levoglucosan decreased from 16.5 to 7.2 wt % while the yield of xylose decreased from 11.1 to 3.4 wt %, respectively, when the mass loading increased to 20%. In contrast, the yield of glucose increased from 2.3 to 4.5 wt % as the mass loading increased. The yields of total monomeric sugars were also compared. When the mass loading increased 8 times (from 2.5% to 20%), the maximum yield of total monomeric sugars decreased from 21.1 to 11.1 wt %.
Increased mass loading of biomass has several effects. First, when the mass loading is high, both heat and mass transfer become rate-limiting. Therefore, the formation of sugars and their diffusion through the switchgrass matrix are inhibited and dehydration reactions are promoted. Second, increasing the amount of biomass in the reactor for a fixed amount of solvent increased the pressure in the reactor by decreasing the starting head space. Increased pressure is thought to be detrimental to the yield of the sugars. 11 Third, in the presence of the increased amount of water produced from the dehydration reactions associated with high mass loading, cellulose or levoglucosan would be more easily hydrolyzed to glucose. It is noteworthy that both levoglucosan and glucose were relatively stable when the mass loading was low but became increasingly unstable as the mass loading increased. The increased mass loading also corresponds to higher acidity in the solvent since the volume of the solvent did not change with the increasing switchgrass loading. As a result, secondary degradation of primary sugars became more significant as the acidity in the reaction system increased.
Effect of Water as Cosolvent. One of the advantages of solvent liquefaction compared to fast pyrolysis is the ability to directly convert moisture-rich biomass. Since fresh switchgrass contains a significant amount of moisture, the influence of moisture in reaction products was investigated by using 9:1 mixtures of 1,4-dioxane and water as the solvents. 1,4-Dioxane, water, and the mixture solvents were compared as solvents in the solvent liquefaction of AI switchgrass at 300°C with 5% mass loading. Yields of levoglucosan, glucose, xylose, and the sum of these (total) sugars are shown in Figure 7 .
As shown in Figure 7a ,b, when pure water was the solvent, the yield of levoglucosan was less than 1 wt % at all the reaction times, whereas the yield of glucose peaked at 8 wt % after 60 s of reaction time. However, glucose in water medium was extremely unstable as it rapidly decreased and became negligible after 120 s. In comparison, the conversion of AI switchgrass in the mixture of 1,4-dioxane and water produced moderately high levoglucosan, although it is lower than that in pure 1,4-dioxane and it slowly decreased with reaction time. On the other hand, glucose yield increased significantly compared to that in pure 1,4-dioxane. The maximum yield was 7.3 wt % at 60 s of reaction in the mixture solvents, which is comparable to solvent liquefaction in pure water. However, the degradation rate of glucose in the mixture of 1,4-dioxane and water was relatively low and is comparable to it in pure 1,4-dioxane. The yield of glucose was 5 wt % even after 180 s of reaction in the mixture.
As shown in Figure 7c , 16 wt % of xylose was produced within 20 s when pure water was the solvent. However, the xylose yield quickly decreased to a nondetectable level after 120 s of reaction. The maximum yield of xylose in 1,4-dioxane occurred after 30 s but was half the yield observed for pure water. Xylose yield decreased for longer reactions times, but more slowly than that for pure water. The maximum yield of xylose in the mixture of 1,4-dioxane and water was 12 wt %, only about 20% lower than that for pure water but decreased with reaction time more slowly.
The sums of total monomeric sugars are compared for the three solvent systems in Figure 7d . The greatest yield of total sugar for AI switchgrass, 19.8 wt %, occurred for the mixture of 1,4-dioxane and water, compared to 17.7 wt % for pure water and 16.7 wt % for pure 1,4-dioxane. After 180 s, the total sugar yield for the pure water system decreased to only 0.2 wt %, whereas the yield of total sugars was relatively stable at around 14 wt % at 180 s for both the pure 1,4-dioxane and the solvent mixture. Previously, Li et al. 35 reported that the treatment of rice-straw in mixtures of 1,4-dioxane and water in the absence of acid showed no evidence of sugars being produced. Therefore, the high yield of sugar in the present study indicates that the infused acid was critical in the production of sugars.
It is noteworthy that the improved stability of sugars in 1,4-dioxane compared to water is related to the properties of the solvents. As a nonpolar and aprotic solvent, 1,4-dioxane is quite stable at evaluated temperature and mainly acts as a dilution medium to dissolve depolymerization products of biomass instead of reacting with biomass. As shown, pure 1,4-dioxane produced the greatest yield of levoglucosan, but relatively little glucose, consistent with a depolymerization mechanism. In fact, as described above, 1,4-dioxane is almost completely recoverable after the reactions.
On the other hand, pure water resulted in very little levoglucosan over the course of the reaction, but very high yields of glucose at short reaction times. The sugars have better solubility in water than 1,4-dioxane, but as a polar and protic solvent, water acts more than just as a diluent. In addition to the hydrolysis reaction, abundant H 3 O + and OH − ions from water under elevated temperature and pressure also affect other reactions such as depolymerization and degradation. 36 Since the activation energy for cellulose hydrolysis is slightly lower than that for cellulose depolymerization, 37 this result is consistent with direct hydrolysis of cellulose to glucose. The disappearance of glucose at longer reaction times is consistent with direct dehydration to HMF, the formation of humins, and their decomposition to char and light gases.
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The mixture of water and 1,4-dioxane produces less levoglucosan, but more glucose than pure 1,4-dioxane, which suggests that levoglucosan is formed by depolymerization of cellulose in the 1,4-dioxane, followed by some of it being hydrolyzed by the water to glucose. However, the glucose formed in the mixture is notably more stable than glucose in pure water since the concentration of the reactive ions from water is low, thereby reducing the extent of the degradation compared to in pure water. More discussion about the stability of glucose and levoglucosan in 1,4-dioxane is given below.
Degradation of Monomeric Sugars in 1,4-Dioxane. As described above, levoglucosan, glucose, and xylose were relatively stable products during solvent liquefaction in 1,4-dioxane compared to solvent liquefaction in water. To investigate this stability, pure compounds of each sugar were tested in 1,4-dioxane, and the final products were analyzed by GC/MS (Figure 8 ).
While no solid residues were found after the reactions from any of the tests, levoglucosan produced relatively few derivatives with only minor peaks. These included methoxypropanone, monoformate ethanediol, and tetrahydrofuranol. In comparison, glucose produced more derivatives, including levoglucosan, methoxy-propanone, glycerol, furfural, 5-hydroxymethylfurfural, tetrahydrofuranol, dihydroxy propanal, dihydroxy-propanone, acetic anhydride, and vinylethyl acetate, etc. Among the products, levoglucosan was the major derivative. The formation of levoglucosan, 5-hydroxymethylfurfural, and furfural from glucose indicates that glucose dehydrates in 1,4-dioxane even in the absence of acid. The fact that levoglucosan is the main degradation product of glucose also explains why glucose and levoglucosan were relatively stable when AI switchgrass was reacted in 1,4-dioxane. Cellulose and levoglucosan could both hydrolyze in the presence of water to glucose, while glucose could dehydrate back to levoglucosan in 1,4-dioxane. Such reactions between glucose and levoglucosan, although not completely reversible, could greatly improve the stability of levoglucosan and glucose in 1,4-dioxane. In comparison, solvent liquefaction of glucose in water yields levoglucosan as a minor dehydration product that can further decompose to acetic acid or formic acid. 39 The primary degradation products of xylose included methoxy-propanone, dihydroxy-propanone, dihydroxy propanal, furfural, and glycerin. Furfural was the main degradation product, which is a dehydration product of xylose. Clearly, the choice of solvent impacts not only primary products but also secondary products of solvent liquefaction.
It should be noted that levoglucosenone was not found among the decomposition products of levoglucosan and glucose in 1,4-dioxane. Because levoglucosenone only formed during solvent liquefaction of AI switchgrass, it appears that the formation of levoglucosenone was directly related to the presence of the acid catalyst. Similarly, the isomer of levoglucosan, 1,6-anhydrofuranose, was only found from solvent liquefaction of AI switchgrass.
■ CONCLUSIONS
The solvent liquefaction of untreated and acid-pretreated switchgrass was conducted to assess the influence of intrinsic AAEM and inorganic acid on reaction products. The presence of AAEM did not significantly affect the deconstruction of polysaccharides or lignin during solvent liquefaction. A small amount of acid that infused into biomass prior to reaction, on the other hand, directly catalyzes the depolymerization of polysaccharides rather than passivating AAEM. The sugars produced were more stable in a mixture of 1,4-dioxane and water compared to pure water, and the maximum yield of the total sugars was also higher in the mixture solvent.
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